Abstract-Spectrally efficient wireless communication standards impose stringent linearity specifications, which would require traditional IQ transmitters to operate with back-offed and power inefficient linear RF power amplifiers (PAs). In order to overcome such a significant limitation, alternative architectures have been proposed, as those based on the Envelope Elimination and Restoration (EER) technique. In this paper, a UHF polar transmitter is presented, combining switching and linear stages in the envelope amplifier as to achieve both great bandwidth and high efficiency, when drain modulating a GaN HEMT Class E RF PA. Several tests, using EDGE, TETRA, and WCDMA standards have been performed with good results.
I. INTRODUCTION
The simultaneous phase and envelope variations, typical of spectrally efficient wireless communication standards, require using back-offed linear RF PAs, which are unavoidably power inefficient. In order to increase the efficiency of these systems, techniques derived from Envelope Elimination and Restoration-(EER), formerly proposed by L.R Kahn in [1] can be employed [2] , [3] . Several implementations and theoretical analysis of Kahn Techniques can be found in literature [4] - [8] . Modern implementations of EER techniques are often known as Polar Transmitter.
In order to explain how a Polar Transmitter works a brief introduction will be done here. Fig.1a shows the basic architecture of a Polar Transmitter.
The communications signal is digitally split into its amplitude and angular components, labelled E(t) and Φ(t) in Fig. 1a . After phase modulating, PM, the carrier frequency, ω c , the resulting constant-envelope RF signal may be efficiently amplified by a switched-mode or saturated RF PA, such as a class E amplifier. The desired envelope variations, E(t), are introduced through the Envelope Modulator (EM), which provides a dynamic bias for high level amplitude modulating the RF PA. As the voltage in the drain of the main transistor of the RF PA is varying along the envelope signal by means of the output voltage of the envelope modulator, the final RF signal is both phase an envelope modulated. This process is known as drain modulation. Sometimes the signal to the RF PA is amplitude modulated when the output RF power is very low in order to reduce distortion ( [6] , [7] ) due to feed-through effects. This process is known as drive modulation. This leads to an architecture known as Hybrid Modulator, represented in Fig. 1b . In this case drain modulation is provided for output amplitudes above a certain level, lets say the 50 % of the maximum output amplitude. For output amplitudes below this level, the modulation it is carried out by means of drive modulation. Therefore the input signal to the RF PA is a phase and amplitude modulated RF signal, clipped to a certain amplitude level. The envelope signal processed by the Envelope Amplifier has a constant value in the places where the RF input signal is amplitude modulated, and follows the communications envelope in the rest of the signal. This behavior is shown in Fig.1b. Regarding the overall efficiency, one of the most critical parts is the Envelope Amplifier. In order to keep its efficiency high, a switching-mode DC/DC converter is often used [9] - [13] . However the bandwidth and slew-rate requirements imposed by the communications signals usally surpass the capabilities of these DC/DC converters. In order to solve that, combination of switching mode DC/DC converters with linear stages have been proposed [14] - [18] . The efficiency of these systems remains high, because the switching stage provides most of the power, while the linear stage provides the power associated with the fast variations in the output voltage of the EM. The higher the bandwitdh of the switching stage, the more efficient the overall system, since the switching stage can reproduce faster variations, reducing the power provided by the linear stage.
In this paper, an improved version of the system presented in [18] is used in a Polar Transmitter operating in the UHF band. The RF PA is a GaN HEMT class E amplifier, operating at 770 MHz. The operation has been tested using EDGE, TETRA and WCDMA standards. This paper is organized as follows: Section II expounds the operation of the Envelope Modulator. A brief explanation on the RF PA design is given in section III. Experimental results are shown in section IV. Finally, conclusions are adressed in section V.
II. OPERATION OF THE ENVELOPE MODULATOR
The Envelope Modulator, which is represented in Fig. 2 , is based in a combination of a Multiple Input Buck Converter, formerly presented in [13] , with a linear stage based in wideband Op-Amps. Power sharing between the linear and the switching stage is carried out by the combiner, which is just a pair of Schottky diodes in anti-paralell. In Fig.2 the load resistor R represents the RF PA. The switching stage is a Multiple Input Buck converter, as in [13] , with a fith order output filter. The filter is designed to maximize the bandwith of the switching stage, while maintaining a low output voltage ripple. An odd order filter is mandatory to make the switching stage behave as a current source, just as in [18] . The study of higher order filters for the MIBuck converter was studied in [19] . The switching-stage operates in open-loop so the filter has to be designed to remain the operation in CCM in order to maintain the linearity between the duty cycle and the output voltage. In order to do that it is necessary to keep a ratio between the cutt-off frequency of the filter, f c and the switching frequency of the converter, f s . This ratio is
where l 1 is the normalized value of the first inductor of the filter. It is important to note that proper tables have to be used since the input impedance to the filter is nearly zero. This impedance is set by the ON resistance of the MOSFETs and diodes of the switching network. An example of this tables can be found in [20] . The filter chosen in this paper is a fith order Bessel filter. For this kind of filter the value of f s /f c to maintain CCM is 2.0771. The filter has to be adapated to the value of the load, which will be determined by the behavior of the RF PA as a load. This behavior is explained in section III.
The control system generates the PWM signals which are necessary to generate the output voltage. The control stage also provides the reference voltage (i.e. the envelope waveform to reproduce) to the linear stage. This reference is properly delayed, so both stages try to set the same voltage at the same time. The linear stage operates in closed loop, with a gain equal to the one of the switching stage, thus forcing the output voltage to follow the reference. This control system is fully explained in [18] , the low pass filter shown in it has a cutt-off frequency slightly lower than the cutt-off frequency of the output filter shown in this paper.
A. Operation and simulations
In order to clarify the behavior of the system, an example will be presented using a voltage step in the envelope reference signal. This voltage step will be generated in such a way that the output voltage will swing from V obj L to V obj H , as it is represented in Fig.3 (both averaged and switched models are employed, the switching frequency is 4 M Hz and the filter is a 5 th -order Bessel filter with a cutt-off frequency of 1 M Hz). At the beginning of the step the dynamics of the low-pass filter avoids the output voltage of the switching stage to reach the desired value, V obj H . Therefore, one of the diodes of the combiner allows the linear stage to provide enough current to set an output voltage equal to V obj H − V γ . The evolution of the currents and voltages in the reactive elements of the filter forces the combiner to connect and disconnect the linear stage from the output during the transient (shown as the ripple of the output voltage in Fig.3 ). During this period the output voltage is limited around V obj H ± V γ . Finally, the transient is finished when the mean value of the current through the inductor reaches V obj H /R. 
III. RF STAGE
The RF PA is a Class E amplifier, formerly proposed by the Sokals in [21] . This switched RF power amplifier presents a high efficiency because its transistor switches at Zero Voltage Switching and Zero Derivative Switching. It is built using a GaN HEMT and its designed to operate in the 770 MHz band. Its bias point is set to V DS = 28V and V GS = −3.5V . The resonant network that guarantees Class E operation is adapted to the parasitics of the transistor at this polarization point. As in [22] , a multi-harmonic termination network has been employed, being an open circuit condition presented at the device drain terminal to the second and third harmonic of the fundamental frequency. Its schematic is shown in Fig.4 . The necessary impedance needed by the Class E operation is synthesized by the network formed by the inductor L f un and the capacitor C f un , while the short circuit terminations at the second and third harmonic that guarantee the isolation between the fundamental and the higher harmonics are performed by the networks formed by L 2s and C 2s for the second harmonic and response of it, the capacitors C bias2 and C bias3 placed in paralell with the source V DS have been removed. Power Added Efficiency (PAE) is a figure of merit in RF PA. This implementation presents a high value of PAE, between 80% and 90%, depending on V DS voltage. PAE is defined as (P RF Out − P RF In ) /P DC .
In order to check how the RF PA behaves as a load to the DC/DC converter, the current demanded by the RF PA was measured while the drain to source voltage (V DS ) was being changed from 0 to 40 V. Voltage V GS was set to −3 V and also to −3.5V and the RF input power was 24 dBm. Results can be seen in Fig.5 , where it can be observed how it is very similar to a resistance of 33 Ω, so the filter is desighed with this value of load. Step response of the Envelope Modulator Figure 6 shows the response of the Envelope Modulator to a step in its reference voltage. It can be seen the similarities between its output voltage response and the simulation shown in Fig.  3 . In this case, the test was done with a 33Ω resistor in the place of the RF PA. Figure 6 shows how at first time the linear stage provides all the current.This current decreases while the switching current increases, presenting oscilations due to the evolution of currents and voltages in the elements of the filter. When the system reaches a steady state, all the current is provided by the switching stage, and the linear stage becomes disconected.
The EM and the RF PA were integrated in a test bench to measure various communication standards. This test bench is represented in Fig.7 . The envelope and phase signals are generated in a PC running MATLAB and then transfered to two Agilent E4428 ESG vector signal generators. One of them will reproduce the envelope signal, while the other will modulate the RF signal with the phase information. The latter one will be pre-amplified by the driver and amplified with the RF PA. The EM will provide the RF PA the voltage according to the envelope generated by the corresponding signal generator. The output of the RF PA is then attenuated, downconverted by the E4407B Spectrum Analyzer from Agilent and digitized by the Agilent's VSA 89600's digitizers. The output of these digitizers is sent to the PC, which is running the software VSA 89600, where the RF output signal can be analyzed. Cell telephony EDGE standard and TETRA emergency communications standard were tested in EER configuration. Figure 8a shows how the output spectrum using the EDGE standard almost fits the original, approximately complying with the regulations. The same result can be seen in Fig.  8b fot the TETRA standard. The spectrum was performed using FFT, hence the noisy aspect. Figure  8c shows different waveforms in the system using the TETRA standard signal. It can be seen how the current through the linear stage is around zero most of the time, only processing power in fast transients. Regarding the efficiency, using the EDGE and TETRA signals the PAE of the system (from DC to RF output power) is around 66.7% and 66.5% respectively, with an RF output power of 9.5 W over a load of 50Ω, which is the standard value for RF applications. The input power to the RF PA was 24 dBm (0.25 W). The envelope modulator provides the RF PA with a power of 10.4 W for the EDGE standard operation and 10.3 W for the TETRA standard, with an efficiency (from DC to DC) around 74.7% and 75.2% respectively. The efficiency of the EM strongly depends on the harmonic content of the signal that processes, which is related to the ratio of the power processed by the linear stage. Using the EDGE signal 19.5% of the input power to the EM is demanded by the linear stage while the remaining 80.5% is demanded by the switching stage. This ratios are slightly different with the TETRA signal, being 15.7% and 84.3% the ratio of the power demanded by the linear stage and the ratio of the power demanded by the switching stage.
The results of the Hybrid Transmitter with an WCDMA cell telephony standard signal are shown in Fig.8d , where the input and output spectra are compared. 
V. CONCLUSIONS
This paper presents results of a complete high efficiency transmitter based on EER techniques. This tranmitter is formed by a switching linear assisted Envelope Modulator and a high efficiency Class E RF Power Amplifier operating at 770 MHz. The presented system can operate in Polar Mode for communication standards like EDGE and TETRA with a PAE around 66%. For signals with a wider bandwith, like WCDMA, the system has to operate in hybrid mode. In this case, as the linear stage has to process more power, the PAE is reduced to a 34.2%. Both of the configurations comply with the ACPR requeriments imposed by the corresponding standards.
